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The experimental approach of using high-Quiobiur, 1y, ve sesonator(Q- 10 ) andhigh resolution ther mometry
to achieve precise measurements of thedensily i crtici | jlenomena in liquid helivunear phase transitions is
described. Thenumerical verifications of theo» povent=Hrasibility < wellas the applications of the precision

density mecasurement techniques are discussed

L INTRODUCTION

The Lambda Point Experiment (LPI) rece ntly < on
ducted in space[l] has dem onstrated the inportnrce
of microgravity and the high-resolution thenmomreiry
(HRT) in advancing fundamental knowledge of contin
uous phase transitionsandincon firming the renormel-
ization group (RG) theory [2]. In this work, wereporls
new experinental approach which can yield state-oftte
art density and critical phen omena ineasureincntsunzt
the phase transitions of helium. The principle of thisup
preach is to utilise the HRT technique and the capability
of high-resolution and stability in the resonant{ieqien.
ties of superconducting cavities to detect smallchaugc iz
the dielectric constant of liquid heliumn near thelan'.le
transition, thereby providing precisionmeasurement:io
the specific heat critical exponent « and thewinplitice
coeflicients.

2. THE PHYSICAL CONCEPTS FORPRY.
CISION DENSITY MFEASURTI M ENTS

The derivation of precise density (p)informietionfion
the dielectric constant (c) is based cm the Clau<jus
Mossotti relation:(e-1)/(e- 2) =(4neaop)/(3M 1), wheic
M is the 1olecular weight, and the polarizability ogicis
sumed to he constant near the lambda transitionlned
dition, the resonant frequency shift (Af) of aiuicioveve
cavity containing liquid helivin is related tothec hange:
in the dielectric constant of the liquid helium:
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where the integration is performed over the entirevalime
2 of the microwave cavity, and K is the electiicfieldo
the resonant mode.

3THE EXPERIMENTAL APPROACH

Ourexp crisuentel tech niques tnvolve using high-Q
1y Vium roicrowave 1esonators (Q .. 1010) to achieve high
{1 guency rerolution (a few partsin 10") for precise mea-
s1 vments of the dielectiicconst ant ¢ in liquid heliuin
1«41 phase transaitions. Thetemmperature resolution and
sthilityof . 107 '°K arc schieved with the use of HRT.
‘Jrestate-of the-alt density measurements of the liquid
Y3l nesythelarnbda transition can provide best ever
vives for the criticel exponent e and the amplitude co-
¢4 cients forthe thermal ex pansion coeflicient 8p (under
costant pressure Pandfors given reduced temperature
at: (1T, YA):
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dB,wecan investigate the universality of the lambda
t1. v sition by precise den sity m casur ements near 75(F)
fcvarious pressures away frorn the vapor pressure, as
wll as near 75 (X ) for diflcrent *He concentrations (X)
it the *He-*He 1uix tures. ‘I'he pressure variations can
I uchieved by using the height of the liquid helium col-
uoom in a capacitor level sensor which is connected to
ormiciowave cavity, andthe pressure control and read-
ot can be vchie ved by using the tunnel diode oscillator
a o the capacitor-inductor circuit developed by C. *J' .
\ o Degtift[3) A precision of one part in 10° can be
a luevedfor the nelium height readout, and since it is
v T known that 75(F)5bifts downward with the height
7 by Ta(z)  73(0) -1vez, with 70 = 1273 yK/em, the
11 cm column height allows universality to be treated
fo: tempereature shifts vpto 13 pK The verification of
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universality near 75(X) for different 3He concentretions
can be achieved by fine-tuning X values using t}ie*heel
flush” techniquel4].

4. NUMERICAL VERIFICATIONS & A 1-

PLICATIONS O TIIE TECHNIQU §

To test whether the density profile p(z,7)cenbede
rived from the measurements of the resonant frequency
shift, we consider the microwave cavity at aconstsant
terperature between 75(0) and 73(d), where 73(d),
75(0)-t Ted, and d is the height of the cavity. Bothile
density and the dielectric constant are functionsof the
position, asshown in Fig.1. We assume that, thcexpres
sion fitted to the p(7') data by Donnelly et al.[b]canbe
interpolated into the sub-tnicrokelvin region, andwieusr
them to generate the corresponding (') and (A f(77)/ Je],
where fo denotes the resonant frequency at 7', 73{0).
These “experimental values” of [Af(T)/fo] areueed to
deconvolute the density profile p(z,7"), and theresults
are compared with the original curves fitted to p(7 )by
Donnelly et al. for verification of the feasibility of cirer
perimental approach. The representative results foras.i
crowave cavity of 1.0 cm height, temperature stability of
8§T/T ~ 10" “ and frequency resolution of §f/7..)0",
are shown in Figs.2(a)and 2(b) for Barth-boundncs
surements and for a microgravity environnent, respec-
tively. We note that, although our frequency 1esolution
can be up to &§f/f .- 10-16, the density resolutionislin-
ited by the temperature stability §7°/7 ~ 107" As the
HRT techniques advance further, higher frequencyiess
lutions will become relevant. [In addition, we note t}, at
the critical exponent «and the amplitude coeflicients
can be deter mined to unprecedented precision, approd,
mately to one part in 10°

Another application of our technique is theirnes
tigation of the gravity-induced superfluid/normal finid
interface. For a given temperature between 75 (0) a1.4
7%(d), the interface thickness (§(T)) (wherethecoticln -
tion length is given by £(7)=&olt| ™) is approximztely
equal to

nO] [0 )T (B
‘°[w] (’A(O) ’) ! ( 75(0) ) [
()

Consequently, by ineasuring the abrupt changesinihe
(A f/fo)asthe interface enters the microwave cevily from
the bottom, wc can determine the thickness of theinter-
face regimeas a function of the temperature, the rety
estimating th e critical exponent v. Since, fore | hiee
dimensional system,the scaling relation 3v:2 o0 halds,
the accuracy of the critical exponent o earl beindepen
dently verified via the measurement of v.

Finally, our microwave techuiques can also beusrd tc
study the losses associated with the critical, fluctivetions
by measuring the Q-values of the cavity underthepies
ence of ultrasonic waves on liquid helium. T'helosscsdue

tocitical fivc tuetions car, provide direct information for
thrdynamic exponent z]6]near the phase transitions of
th: “He-*He riixtores.
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} 3,1 Schemstic ilustrations of the gravity-induced vari-
at msin43(z) and the supeifivid (8)/normal fluid (N)
hi-rface at 2 25, where 2o : [I5(d) - T5(0)]/70 is de-
te-1ined by the temperatureof t}, e cavity. The profiles
of theelectric field intensity |15 for the TEormode and
ofthe dielectiic constant e(z)ate also shown.
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't 2 Coruperison of the hiquid helium density data ob-
tziued framn decon voluting the frequency shifts (Af/ fo)
@1 those frion the experinuental fittings by Donnelly et
¢170] for (#) Fartl-bound incasurements and for (b) mi-
< pravity environmnent,
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